A structure alignment program aligns two structures by optimizing a scoring function that measures structural similarity. It is highly desirable that such scoring function is independent of the sizes of proteins in comparison so that the significance of alignment across different sizes of the protein regions aligned is comparable. Here, we developed a new score called SPscore that fixes the cutoff distance at 4 Å and removed the size dependence using a normalization prefactor. We further built a program called SPalign that optimizes SP-score for structure alignment. SPalign was applied to recognize proteins within the same structure fold and having the same function of DNA or RNA binding. For fold discrimination, SPalign improves sensitivity over TMalign for the chain-level comparison by 12% and over DALI for the domain-level comparison by 13% at the same specificity of 99.6%. The difference between TMalign and SPalign at the chain level is due to the inability of TMalign to detect single domain similarity between multidomain proteins. For recognizing nucleic acid binding proteins, SPalign consistently improves over TMalign by 12% and DALI by 31% in average value of Mathews correlation coefficients for four datasets. SPalign with default setting is 14% faster than TMalign. SPalign is expected to be useful for function prediction and comparing structures with or without domains defined. The source code for SPalign and the server are available at
INTRODUCTION
Structure comparison of proteins allows detection of remote homologs that are otherwise not obvious from sequence comparison and aids in binding-site prediction for protein-ligand, 1,2 protein-protein, 3,4 protein-DNA, 5,6 and protein-RNA 7-9 interactions. Such comparison is productive because protein structures are often more conserved than their sequences. 10 Moreover, automatic structural comparison is complementary to manual protein structure classification 11,12 that lags far behind the pace of newly determined structures due to structural genomics projects. 13 As a result, protein structure alignment has been an active area of research for more than 30 years with more than 50 computational methods published. [14] [15] [16] Representative examples in early studies include SSAP, 17 DALI, 18 and CE. 19 Central to a structure alignment method is the scoring function that measures structural similarity. One com-mon measure is root mean square deviation (RMSD) between two structures. However, RMSD is heavily dependent on protein size and radius of gyration and very sensitive to the badly aligned regions and local structural changes, as all atoms in the structures are weighted equally. 20 Other alternative scoring functions have been proposed. [14] [15] [16] For example, Zemla 21 proposed a global distance test score by averaging the number of Ca atoms at several cutoff distances. Levitt and Gerstein 22 measured similarity by summing aligned pairs with a weight gradually decayed from 1 at distance of 0 Å to 0 at infinity (LG-score).
LG-score ¼ P ð1 þ d 2 ij =d 2 0 Þ À1 =L, where d ij is the distance between two aligned residues, L is a measure of protein size, and d 0 is a constant value, originally set to 5 Å . Later, MaxSub was proposed with a d 0 of 3.5 Å . 23 However, as RMSD, the magnitude of these scores depends on protein sizes. 24 To remove the dependency of structure similarity score on protein sizes, Zhang and Skolnick 24 developed TMscore, and later applied to structure alignment. 25 The score is based on LG-score with an empirical size-dependent d 0 [5 1.24(L 2 13) 1/3 2 1.8] so that the score becomes size independent and makes structure comparison between proteins of different sizes possible. The equation for d 0 , however, was obtained from the assumption that proteins are globular proteins and aligned in a predetermined size L. In other words, TM-score implicitly assumes that two structures align in a length of L (shorter length or average length). In reality, it is quite possible that only a part of a protein of unknown size aligns with a part of another protein, particularly for multidomain proteins. Moreover, d 0 in TM-score is less than 0 for small fragments and can be as large as 10 Å for a protein size of 1000 residues. A distance of 10 Å , however, is not meaningful alignment for a pair of residues.
Here, we propose to remove the size dependence not by size-dependent d 0 but by a size-dependent normalization factor. This allows us to introduce an effective alignment length that removes the need to specify a length for normalization. The new score with its alignment program SPalign is tested in structure classification and prediction of nucleic-acid binding proteins and compared to DALI, 26 CE, 19 TMalign, 25 and FrTMalign. 27 For recognizing structures the same SCOP fold (SCOP: Structure Classification Of Proteins), SPalign is significantly more sensitive (> 10%) in fold recognition than TMalign for chainchain comparison and DALI for domain-domain comparison at the same specificity and similar in performance to TMalign for domain-domain comparison and DALI for chain-chain comparison. For predicting DNA/RNA-binding proteins, SPalign consistently improves over DALI and TM-score at both chain and domain levels.
METHODS

Datasets
SCOP: SCOP domain dataset
We used the dataset SCOP-20 that was used as a benchmark for testing the fold recognition program SPARKS X. 28 The dataset was built using domains of sequence identity less than 20% and chain lengths greater than 60 from SCOP 1.75. 12 After removing domains with C a atoms only, we obtained 6367 domains.
SCOPc: SCOP chain dataset
To further test our scoring function with multidomain proteins, nonredundant chains for all domains contained in the SCOP-20 dataset are collected. There are a total of 5300 chains. We define that two chains are considered to be similar in structure if a domain in one chain belongs to the same fold of another domain in the other chain. This chain-level comparison is a real-world test because domains are often not defined for most newly solved structures.
rSCOP and rSCOPc datasets
To compare with slower structure alignment methods, we randomly chose 1058 and 1060 proteins from SCOP (rSCOP) and SCOPc (rSCOPc) datasets, respectively.
DNA and DNAc: protein-DNA complex and nonbinding datasets
We used the dataset compiled by Gao and Skolnick 5 that contains 179 DNA binding protein domains and 3797 non-DNA binding protein domains (DB179 and NDB3787). The two sets were based on 35% sequence identity cutoff, a resolution of 3 Å or better, a minimum length of 40 residues for proteins, six base pairs for DNA and five residues interacting with DNA (within 4.5 Å of the DNA molecule). We also built two corresponding sets at the chain level by mapping domains to chains and removing redundant chains. Chains containing DNA binding domains are considered DNA binding chains. All other chains are non-DNA binding chains. Each chain was used only once in the dataset. Numbers of DNAbinding and Non-DNA-binding chains are the same as the corresponding numbers of DNA-binding and Non-DNA-binding domains. The domain and chain datasets are referred as DNA and DNAc, respectively.
RNA and RNAc: protein-RNA complex and nonbinding datasets
The binding and nonbinding datasets were compiled by Zhao et al. 8 The dataset at the domain level contains 212 RNA binding protein domains as the positive set, 6761 non-RNA binding protein domains as the negative set, and 250 RNA binding protein domains as templates. The two sets (denoted as RNA) were built by sequence identity of 30%, whereas the template library are built from 95% sequence identity cutoff. To mimic realistic situation of RNA-binding protein prediction, the proteins in RNA sets are structurally aligned to proteins in the template set. When compared to one query protein in the positive set, the templates with sequence identity higher than 30% are excluded. Similarly, we constructed the datasets at the chain level with 192 RNA-binding chains and 5785 non-RNA binding chains (RNAc).
SP-score
The SP-score is defined by
where d ij is the distance between C a atoms of two aligned residues, d 0 was chosen 4.0 Å somewhat in between 3.5 Å in MaxSub and 5 Å in LG score, a is a to-be-determined parameter for removing the dependence on protein length L, a constant of 0.2 is used for a smooth cutoff for SP-score at d ij 5 2d 0 , and a factor of 1/3 is used to scale the threshold for fold discrimination to around 0.5. Note that the summation is for residues within 2d 0 so that only meaningfully aligned pairs contribute to the score. Three L values are examined: the shorter length of two proteins in comparison (L b ), the average length (L a ) of the two proteins, and the effective alignment length (L e ). L e is the number of core aligned residues (distance 2d 0 ) plus the average number of surrounding residues in two proteins that are within 3d 0 from any core residues. Defining an effective alignment length as a prefactor for normalization is possible because d 0 in SP-score, unlike TM-score, is length-independent. The corresponding scores are called SPb, SPa, and SPe, respectively. There is only one parameter a in our scoring function used for removing the size dependence of the average score for proteins within the same fold as shown in Fig 
SPalign program
The program is written by C11. The alignment method used similar heuristics as the TMalign program. 25 The seeds for alignments are initialized by gapless threading, secondary structure fitting, and fragment matching. The default value for the initial seed fragment size is 20. We also have an option called the ''fast'' mode using similar fragment size as in TMalign. In this mode, the fragment will be set to 1/5 of the shorter length of two proteins in comparison and between 20 and 50. We improve the computational efficiency by stopping optimization if the RMSD between two fragments of size n is less than 1.2 3 n 1/3 . Another important difference from TMalign is that we minimize a weighed RMSD
where k is the iteration number and d ðkÀ1Þ ij 5 d 0 at k 5 1. This weighted RMSD is more consistent with TM-score and SP-score in search for the optimized rotation. 29 An equal weight is used in TMalign. As we shall see, this weight factor leads to 4% higher alignment score, compared to equal weight.
Performance assessment
For two-state discrimination (same fold, RNA or DNA binding), we will mainly assess the method performance by Mathews correlation coefficient (MCC).
where TP, FP, TN, and FN denote true positives, false positives, true negatives, and false negatives, respectively. Here, positives can be two protein domains (by themselves or within chains) in the same fold (SCOP), binding to DNA or binding to RNA. MCC values range between 21 and 1, where 1 represents a perfect prediction and 21 a case where all predictions are incorrect.
Higher MCC values indicate better prediction performance. To compare different methods, the highest MCC values are obtained by optimizing the thresholds. In addition, we calculated sensitivity [TP/(TP 1 FN)] and specificity [TN/(TN 1 FP)].
Other methods
TMalign with the version updated on 01/30/2011 was downloaded from http://zhanglab.ccmb.med.umich.edu/ TM-align/. DaliLite version 3.3 was downloaded from The average alignment score for protein pairs in the same SCOP fold whose length difference is smaller than 10%L for the dataset of rSCOP. To ensure statistics, each bin contains 100 proteins. For clarity, SPscores with the shorter length for normalization (SPb) at two different a values are shown and compared to TM-score (TMb), DALI Z-score, and CE Score. SP-scores at a 5 0, DALI Z-scores, and CE Z-scores are multiplied by 4, divided by 15, and divided by 7, respectively, to bring these values in similar scale to other scoring functions to facilitate comparison. http://ekhidna.biocenter.helsinki.fi/dali_lite/downloads/v3/. frTMalign 1.0 was downloaded from http://cssb.biology. gatech.edu/fr-tm-align. CE was downloaded from http:// cl.sdsc.edu/.
RESULTS
SCOP datasets
In Figure 1 , we obtained the average alignment score for protein pairs of similar sizes in the same SCOP folds (the difference between the lengths of two proteins is less than 10%). SP-score at a 5 0 is a monotonically decreasing function of the size of proteins in comparison. This size dependence is mostly removed at a 5 0.3. The removal of the size dependence leads to a significant increase in MCC values in all our fold-recognition tests through all-againstall pairwise structure alignment. For example, SPalign with SP-score at a 5 0 with a shorter length for normalization leads to the MCC values of 0.35 and 0.24 at a cutoff value of 0.520 and 0.505 for recognizing the same fold for SCOP and SCOPc, respectively. By comparison, the corresponding MCC values for SPalign with SP-score at a 5 0.3 are 0.58 and 0.45 at the cutoff values of 0.546 and 0.541, respectively. Thus, removing size dependence leads a significant increase in MCC values (66% and 88% increase for SCOP and SCOPc sets, respectively). Here and hereafter, we use SP-score at a 5 0.3 only.
We first compare our SP-score by SPalign to TM-score by TMalign for fold recognition through pairwise allagainst-all structure alignment. TM-score can be obtained by normalization based on average chain length (L a , TMa for short notation) or the short chain length (L b , TMb). We have corresponding scores for SP-score (SPa and SPb). In addition, we also have a version with an effective alignment length (L e , SPe).
At both chain and domain levels, the scores based on the average chain length always lead to higher MCC values than the scores based on the shorter chain length. This is true for TM-score and SP-score. Although SPalign based on SP-score has a MCC value comparable to TMalign at the domain level, it achieves 24% higher MCC value (0.51 by SPe compared to 0.41 by TMa) at the chain level -the real world situation where single and multidomain proteins are compared with each other because domains are not defined for many newly solved proteins. The corresponding absolute improvement in sensitivity is 12% from 32 to 44% with the same specificity of 99.6% for the SCOPc dataset. The effective alignment length contributes an increase in the MCC value from 0.45 by SPa to 0.51 by SPe. Thus, the effective alignment length is one of the main factors for large improvement of SP-score over TM-score for structure comparison between multidomain proteins in SCOP fold discrimination.
We further use reduced SCOP datasets (rSCOP and rSCOPc) to compare SPalign based on SP-score to DALI, 26 CE, 19 and frTMalign. 27 frTMalign improves the search algorithm to achieve higher TM-score at the expense of computational efficiency. As shown in Table I and Figure 2 The bold faced number indicates the highest MCC value in each row. a TM-score by a deeper search (frTMalign), normalized using shorter length (L b , TMalign with option ''-b''), and average length (L a , TMalign with option ''-a''). b SP-score using shorter, average, and effective lengths, respectively. c rSCOP and rSCOPc are smaller, reduced sets for SCOP and SCOPc, respectively. SCOP and SCOPc are domain and chain-level datasets, respectively.
Figure 2
The ROC curve (true positive rate vs. false positive rate) for the reduced SCOP (A) and SCOPc (B) sets by four methods (SPalign, TMalign, DALI, and CE) as labeled. SPalign and TMalign are based on the effective alignment and the average protein length, respectively. A filled circle indicates the location for the optimized MCC value for a given method. For clarity, we did not show the results from frTMalign whose performance is similar to TMalign based on the shorter chain length but is poorer than TMalign based on the average length. and 0.50 for rSCOPc, which are close to 0.57 and 0.51, respectively, for the whole dataset. Interestingly, frTMalign 27 does not improve fold discrimination over TMb despite of its 6% higher TM-score. This is because frTMalign indistinguishably increases the TM-score of positive and negative pairs. As a result, the cutoff value for the best MCC value increases from 0.540 in TMalign to 0.555 in frTMalign. (frTMalign does not have an option as TMalign for using the average chain length for normalization). Another interesting observation is that the performance of DALI at the domain level is similar to that at the chain level while both TM-score and SP-score do not perform at the chain level as well as at the domain level. This leads to a slightly improved performance of DALI (MCC 5 0.505) over SPalign (MCC 5 0.497) at the chain level but significantly worse performance of DALI at the domain level (MCC 5 0.50 vs. 0.60 by SPe). The corresponding absolute improvement in sensitivity is 13% from 47 to 60% with the same specificity of 99.6% for the rSCOP dataset. As shown in Table I , SPalign based on L e is the only method that achieves consistently high MCC values for both chain and domain levels.
We demonstrate the difference between TMalign and SPalign using the pairwise alignment results of two chains 1z45A and 1lf6A (Fig. 3 ). Both chains are two domain proteins with one matching domain in the same SCOP fold (SCOP ID: b.30). TMalign gives a TM-score of 0.26, and their alignment length is 295 with RMSD of 8.7 Å . frTMalign generates essentially the same alignment as TMalign despite a slightly higher TM-score of 0.29 and 23 more aligned residues for RMSD of 8.3 Å . By comparison, SPe aligned 178 residues with an RMSD of 2.9 Å and the SP-score of 0.53. This misalignment by TMalign is not caused by the suboptimal searching algorithm because TM-score for the alignment given by SPe is 0.25, even lower than 0.26 for the alignment by TMalign. If SPalign is used to optimize TM-score, it will yield a TM-score of 0.31 with essentially the same overall alignment as that by TMalign or frTMalign. This pair of proteins are misaligned because the actual aligned length is significantly shorter than the sizes of both proteins. The smaller size of the two proteins is used in calculating d 0 in TM-score, whereas d 0 in SPe is size-independent. It is noted that both DALI and CE can align these two chains. DALI aligns 175 residues with an RMSD of 3.5 Å and CE aligns 184 residues with an RMSD of 3.7 Å , compared to 178 residues with an RMSD of 2.9 Å by SPalign.
Why does DALI perform poorly for the SCOP domain set, relative to SPe? We found that DALI often produces reasonable alignments but with low Z-scores for two domains in the same fold. For example, for SCOP domain pairs of d1c4qa_ (68 residues) and d2gy9q1 (87 residues), DALI aligns 52 residues with an RMSD of 2.7 Å and a Zscore of 2.2. These two SCOP domains are not classified as the same fold by DALI because the Z-score is much lower than the cutoff of 5.0 optimized for the MCC value of the rSCOP set. By comparison, SPe aligns 54 residues with an RMSD of 2.4 Å and a SP-score of 0.542. These two SCOP domains are classified as the same fold because of the cutoff value is 0.523 for the same dataset. This result suggests that DALI underestimates the significance of alignment for small proteins. Much lower Z-score for smaller proteins in DALI is confirmed in Figure 1 . Thus, the size dependence of DALI's Z-score leads to its relative poorer performance for the SCOP domain set. Figure 1 also shows that CE's Z-score is surprisingly size independent, as compared to DALI's Z-score. However, CE's MCC values are much lower than DALI's for both rSCOP and rSCOPc sets. This indicates that the size-dependence is not the only factor that determines the accuracy of structure alignment. It is the actual scoring function that distinguishes one method from another.
Figure 3
Aligned structures of chain 1z45A and 1lf6A by TMalign (left) and SPalign (right), respectively. Unlike SPalign, TMalign is unable to detect the similarity of single domain between two two-domain proteins. This failure is not caused by suboptimal search algorithm.
It is of interest to know how different methods perform at different size ratios of two proteins in comparison. Figure 4 compares the maximum MCC values achieved by different methods at different size ratios for the rSCOP and rSCOPc datasets. Consistent with Figure  2 , SPalign is similar to TMalign for the domain set and similar to DALI for the chain set. In other words, SPalign has a consistent top performance across two benchmark sets. What is interesting is that the MCC values for all methods are much smaller when two protein sizes differ significantly. That is, it remains challenging for aligning two proteins in significantly different sizes.
The above results are for two-state fold discrimination. To evaluate residue-level accuracy, we calculated the fraction of aligned residues in a protein (coverage) within different RMSD cutoffs. For the rSCOPc dataset, the coverage given by SPalign is 2% higher at 2 and 4 Å , respectively, than that by TMalign and 1% lower at 6 Å . This result is expected because SP-score focuses on the contribution from 0 to 8 Å only. Similar result is observed for the rSCOP dataset. Table II shows the MCC values for two-state prediction of RNA/DNA binding proteins based on TM-score from TMalign and SP-score from SPalign for both DNA and RNA datasets. Unlike fold classifications, normalization based on a shorter chain length can lead to a higher or lower MCC value than based on an average chain length for TM-score and SP-score depending on the dataset. For example, MCC is 0.50 for TMb and 0.46 for TMa for the DNA set, whereas MCC is 0.35 for TMb and 0.38 for TMa for the RNAc set. Thus, there is no clear trend for choosing shorter or average length for function prediction by TMalign. The effective length SPe removes this uncertainty because it yields the highest MCC values for DNA, DNAc, and RNAc datasets and its MCC value for the RNA set is only slightly lower than SPa's (0.41 vs. 0.40). In average over four datasets, SPe improves MCC values by 12% over TMa or TMb. The largest improvement is for the RNAc dataset. The MCC of SPe (0.47) is 23% higher than that of TMa (0.38), and 34% higher than that of TMb (0.35). The corresponding sensitivity at specificity of 98% are 42%, 30%, and 33% for SPe, TMa, and TMb respectively. That is, there is more than 9% improvement in sensitivity. For DNAc, the corresponding sensitivity at specificity of 98% are 46%, 39%, and 35% for SPe, TMa, and TMb, respectively.
DNA/RNA-binding proteins
It is of interest to note that for the RNA set, the cutoff values for the highest MCC values for SPa, SPb, and SPe are 0.709, 0.805, and 0.733, respectively. The corresponding cutoffs for TMa and TMb are 0.718 and 0.803, respectively. These cutoff values are essentially unchanged for the RNAc dataset (the difference is less than 0.01). Thus, higher global structural similarity is needed for binding discrimination than for fold discrimination, as found earlier. 6, 8 For all four datasets (DNA, DNAc, RNA, and RNAc), the performance of DALI is consistently poorer than that of SPalign and TMalign. The average MCC value for the four dataset is 17% lower than TMa, and 31% lower than SPe. Figure 5 compares the Receiver Operating Characteristic (ROC) curves for RNA and RNAc datasets. The true positive rate given by SPalign is consistently higher than those from TMalign and DALI at the same false positive rate. The bold faced number indicates the highest MCC value in each row. a TM-score normalized using shorter length (L b , TMalign with option ''-b'') and average length (L a , TMalign with option ''-a''). b SP-score using shorter, average, and effective lengths, respectively. c The average of four datasets (DNA/DNAc and RNA/RNAc).
Pairwise Protein Structure Alignment
For the RNA dataset, the area under the curve (AUC) by SPalign (SPe) is 0.739 about 8% higher than the best performing TMalign (TMb) (0.682) and DALI (0.686). For the RNAc dataset, the AUC by SPalign (SPe) is 0.768 about 11% higher than the best performing TMalign (TMa) (0.693) and 7% higher than DALI (0.716).
Using DNA and RNA binding proteins for testing structure alignment allows us to compare TMalign and SPalign on the residue level. This can be done by predicting DNA/RNA binding residues according to the distances between the residues of the aligned query protein structure and DNA/RNA bases in the target template. We define a residue as a DNA/RNA-binding residue if the residue has one or more atoms with distance less than 4.5 Å to any atoms in DNA/RNA. MCC values for binding residue prediction according to structure alignment is shown in Table III . These results are based on all DNA/RNA binding proteins, regardless if they are recognized by TM-score or SP-score. Interestingly, TM-score normalized by average length (TMa) performs consistently better than TM-score normalized by the shorter length (TMb) for predicting DNA/RNA bind-ing residues although such consistency is not observed in predicting DNA/RNA binding proteins. SPe is consistently better than SPa except for the RNAc dataset. Although SPe continues to have consistently higher MCC values than TMa in all the four datasets, the difference is smaller than predicting RNA/DNA binding proteins.
Alignment significance
We use the SCOP-20 dataset in all-against-all pairwise comparisons to calculate the probability of the two structures belonging to the same fold at a given score. This probability curve for SP-score based on L e (SPe) can be fitted by the function P 5 1/(1 1 exp(2(SP-score 2 b)/ a)) with b 5 0.523, a 5 0.044 and reduced v 2 5 0.0001. In other words, P value is 0.5 for SP-score 5 0.523. The higher SP-score is, the lower the P value will be.
Computational efficiency
Computational efficiency for alignment programs is important because time-consuming all-against-all pairwise comparison is often needed. We run pairwise calculation for the rSCOPc dataset. For removing the potential advantage of our SP-score function, we first used SPalign to optimize TM-score. We found that the time for SPalign and for TMalign are 5870 and 5930 min, respectively on AMD 1800MHz Opteron CPU. Thus, the computational efficiencies of the searching algorithms for SPalign and TMalign are similar despite that we have used a smaller fragment size as the seed and achieved 4.6% higher TM-score in average than TMalign. By comparison, the ''fast'' mode of our program leads to 3.5% higher TM-score than TMalign with two times faster convergence. Although frTMalign can produce another 1.5% higher TM-score than SPalign, it is about 10 times slower than TMalign and SPalign. Using SPalign to optimize SP-score reduced the CPU time to 5100 min. Thus, overall efficiency of SPalign is about 14% improvement over that of TMalign. This efficiency gain is due to 8 Å cutoff in calculating SP-score.
DISCUSSION
In this article, we developed a new size-independent score called SP-score for protein structure alignment. The score was tested on SCOP structure classification and A good alignment score should be size-independent because it will allow a consistent comparison among proteins in different sizes. TM-score 24 relies on a predetermined size-dependent cutoff distance (d 0 ) for aligned residues to remove size dependence. The cutoff distance, however, becomes artificially small for small proteins or too large for large proteins. Moreover, using a predetermined size to determine d 0 is problematic because the size of aligned regions is unknown before alignment. Here, like MaxSub and LG-score, we set d 0 to a constant value. We further introduce a size-dependent prefactor to remove the size dependence. In addition, the constant values of d 0 and the distance cutoff 2d 0 enable us to define an effective alignment size and remove contributions from meaningless alignment at long distance. The effective alignment size is used for two proteins in comparison so that it removes the uncertainty in TM-score regarding whether or not the shorter protein length or the average protein length should be used in measuring structural similarity. However, size-independence alone is not enough to produce a good alignment method. For example, CE is less size dependent than DALI but has a poorer performance. The actual functional form of a scoring function ultimately determines the overall performance of a structural alignment method.
The prefactor used for removing size dependence is 1/ L 0.7 . A factor of L 0.3 in addition to normalization by L in LG-score has physical meaning because L 1/3 is the scaling exponent of radius of gyration for a polymer in poor solvent in the Flory theory. 33 The use of fractional exponent was inspired by its success in deriving the distancescaled finite ideal-gas reference for generating knowledgebased energy function (d 0.39 ), 34 normalizing size-dependent domain-domain interactions for domain parsing (L 0.43 ), 35,36 and rescaling raw alignment score for improving fold recognition (L 0.75 ). 28 Recently, Gao and Skolnick 3 also proposed to use 0.18 -0.35/L 0.3 to remove the size dependence for interface alignment. These studies highlight the usefulness of fractional exponent for normalization.
A fractional exponent was also used to normalize RMSD in a structural diversity score that was defined as RMSD/(L aligned /L ave ) 1.5 . 37,38 Here, L aligned and L ave are the aligned length and the average protein size, respectively. It is difficult to know the size dependence of this score because it depends on the size dependence of RMSD and the residual size dependent of L aligned /L ave . One issue involving RMSD is that all atoms in the structures are weighted equally and it is very sensitive to badly aligned regions and local structural changes. 20 Moreover, the global minimum for RMSD is 0 with a short fragment of 1-3 residues and the diversity score will work only with elaborate restraints on alignments. These issues involving RMSD lead to introduction of LG-score 22 and the variants such as MaxSub, TM-Score and SPalign.
Our program SPalign has a ''fast'' mode in which the seed fragment length will be set to 1/5 of the shorter length of two proteins and between 20 and 50, rather than a constant value of 20 in the default mode. This fast-mode SPalign reduces the computational time by a factor of 2 without losing much discriminatory ability (< 1% difference in MCC values) for all datasets (SCOP, RNA, RNAc, DNA, DNAc) except for SCOPc. We found that SPalign improves over SPalign-fast by 5% from 0.48 to 0.51 in SCOPc because of improved search for global minimum by starting with smaller fragments. We are currently working on improving the search for the global minimum because local minimum is the main reason behind significantly smaller MCC value for the SCOPc set (0.51) than the SCOP set (0.57). By contrast, similar performance in chain and domain levels is observed for DALI. The discrepancy between the chain and domainlevel performances (MCC 5 0.41 vs. 0.57) is even larger for TMalign. The improvement in searching for higher TM-score is unlikely to help as illustrated by frTMalign (Table I ) because its implicit assumption that two chains are aligned in a predetermined size. Indeed, as demonstrated in Figure 3 , correctly aligned structures even have a lower TM-score than incorrectly aligned structures.
To further improve fold discrimination through structure comparison, one may have to go beyond sequential alignment. This is because many studies 2,38-44 have found that some structures share the same overall shape but with different sequential order of secondary structure elements and such alignment has successfully applied to protein structure alignment, 40,42,43 protein-protein 44 and protein-ligand binding interface alignment. 2,45 Moreover, SCOP classifies some circular permutated proteins in the same fold. Work in this direction is in progress.
